Photosystem II particles of Chlamydomonas reinhardtii contain three extrinsic polypeptides of 29, 20, and 16 kilodaltons, whose functions are incompletely defined. We prepared a monospecific polyclonal antibody against the 29 kilodalton protein and determined that it also specifically recognizes a protein of approximately 33 kilodaltons in thylakoid membrane fractions of several vascular plants, eukaryotic algae, and a cyanobacterium. The cross-reacting 33 kilodalton protein of pea was removed from inverted thylakoid vesicles by CaC12 washes demonstrating the structural relationship between the Chlamydomonas polypeptide and the largest subunit of the water oxidation complex of vascular plants. Functional identity of the Chlamydomonas polypeptide was confirmed by antibody inhibition of 02 evolution in inverted pea vesicles. In contrast to wild-type cells, only low levels of the 29 kilodalton polypeptide are recovered with purified thylakoid membranes of the mutants examined. However, we show that the mature form of the 29 kilodalton polypeptide accumulates to wild-type levels in whole cell extracts of photosystem II deficient mutants and a water oxidation mutant of Chlamydomonas. Impaired membrane assembly has no effect on the maturation or stability of this component of the multi-subunit water oxidation complex.
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Three extrinsic polypeptides, with approximate mol wt of 33, 24, and 18 kD, participate in photosynthetic water oxidation in vascular plants (2, 14, 16 ). The precise function of each polypeptide is unclear, but the polypeptides are known to be organized as a complex on the lumenal side of thylakoids in close association with PSII reaction centers in higher plants (2, 16, 21) . The three extrinsic polypeptides are organized around 2 to 4 Mn2+ ions (8, 33) , possibly through the involvement of an intrinsic 34 kD thylakoid polypeptide (8) . Partial or complete depletion of these polypeptides from isolated thylakoid membranes or PSII particles, with parallel loss of water oxidation activity, can be induced by treatment with NaCl, Tris-Cl (pH 8.3), hydroxylamine, CaCl2, heat, or urea (19, 20, 24, 33) . Restoration of 02 evolution activity by readdition ofthe polypeptides demonstrates that the three polypeptides are capable of assembling correctly with PSII particles in vitro. The 18 and 24 kD polypeptides are not absolutely necessary for 02 evolution activity in vitro provided that Ca2' and Cl1 concentrations are optimized (21, 23, 26) . Moreover, some ionic conditions support PSII-dependent water oxidation even if only a low amount of the 33 kD polypeptide is present (20, 25, 26) . Based on these data, it has been assumed that the smaller polypeptides are responsible for organ-'Supported by Department of Energy Grant, DE-FG02 84ER13188, and National Science Foundation Grant, NSF PCM-84-02558.
izing cofactors such as Ca2" and C1-, whereas the 33 kD polypeptide may bind Mn2" and the other extrinsic proteins to PS11 reaction centers (8, 9, 17, 19) .
As in higher plants, isolated PSII particles of Chlamydomonas reinhardtii contain several reaction center core polypeptides and three extrinsic polypeptides of 29, 20, and 16 kD (3, 31) . Thylakoid membrane preparations of a PSII mutant of Chlamydomonas, F34, lacks PS11 reaction center polypeptides as well as the three extrinsic polypeptides (3, 6 (3, 6, 14a) toward resolving events in processing, transport, and assembly ofthe water oxidation complex polypeptides. A preliminary account of this work has appeared in abstract form (11 Antibody Preparation. Polyclonal antibodies were obtained by injecting rabbits with polypeptide 12 purified by preparative SDS-PAGE of the NaOH-soluble fraction of Chlamydomonas thylakoids. The serum was precipitated with 40% (w/v) (NH4)2SO4 and then dialyzed against 50 mM Tris-Cl (pH 8.6), 150 mm NaCl. Monospecific antibodies were immunopurified by positive selection, with purified polypeptide 12 blotted onto nitrocellulose (30) . The monospecific antibody was eluted with 0.1 M glycine (pH 2.5), neutralized with Tris-Cl (pH 8.5), and stored at 4°C with 100 units Aprotinin/ml (Sigma) and 0.02% (w/v) NaN3.
Preparation of Vesicles. Chloroplasts from 7 to 14 d old pea plants were used to generate inside-out PSII vesicles following an aqueous phase partitioning procedure (1), but using the French press to disrupt thylakoids (22) . Vesicles were generally prepared immediately before use. To remove polypeptides of the H20 oxidation complex, vesicles were washed with 1 M CaCl2 (16, 24) , or extracted with 0.1 N NaOH as described above. The pelleted membranes and TCA precipitated supernatants were prepared for electrophoresis as described above.
Oxygen Evolution. Inverted vesicles were resuspended at 1 mg Chl/ml in 500 mM sucrose, 10 mm K-phosphate (pH 7.4), 5 mm ACA, 1 mm BAM, 40 mM NaCl before measuring photosynthetic activities. 02 evolution was measured using a Clark-type 02 electrode in a reaction mixture of 25 mm Mes-NaOH (pH 6.5), 10 mm methylamine, 37 mM 2,5 dimethyl p-benzoquinone in DMSO and 15 to 30 ,tg Chl/ml. The reaction chamber was cooled by a circulating water bath to 22°C and illumination was saturating for 02 evolution (2700 uE/m2* s).
SDS-PAGE and Immunological Techniques. Polypeptides were resolved on 10 to 20% polyacrylamide gels with the buffers of Laemmli (18) at 4°C. Proteins were either stained with Coomassie blue R-250 or transferred electrophoretically to nitrocellulose (Millipore). Nitrocellulose blots were sequentially incubated with polypeptide 12 antibodies at 0.5 to 1 ug IgG/ml, and goat anti-rabbit antibodies conjugated with alkaline phosphatase (Sigma). Cross-reacting bands were identified by the blue color bromo-4-chloro-3-indolyl-phosphate; nitroblue tetrazolium was used as a stain enhancer (4 (Fig. 1) . A Coomassie blue stained polyacrylamide gel of thylakoid membrane fractions of wild type Chlamydomonas, maize, spinach, pea, and soybean is shown in Figure  IA . The corresponding immunoblot (Fig. IB) indicates highly specific antigenic relatedness of a single polypeptide in Chlamydomonas and a higher mol wt polypeptide from each vascular plant. The cross-reacting polypeptides possess apparent mol wt ranging from 32 to 34 kD. These values are in agreement with the reported sizes of the largest subunit of water oxidation complexes in these plants. Soybean membranes are apparently either depleted in the related polypeptide or possess a polypeptide with a lower degree of antigenic relatedness. Several evolutionarily diverse algae also have a polypeptide which is specifically recognized by the antibody against polypeptide 12 (Fig. 2) . In each case, the band on the immunoblot corresponds to a band on the stained gel although the reaction is very low in the algae containing Chl c (i.e. Cylindrotheca and Coccolithophora).
Next, we obtained direct evidence that polypeptide 12 is functionally equivalent to the extrinsic 33 kD polypeptide of higher plants. Inverted vesicles from thylakoids of vascular plants prepared by the aqueous phase partitioning procedure (1) have externalized water oxidation complexes so the polypeptides should be accessible for antibody binding. In the presence of 2,5-dimethyl p-benzoquinone as an electron acceptor, vesicles made from pea seedlings actively evolve O2. 02 evolution in freshly prepared vesicles is specifically inhibited by antiserum to polypeptide 12 in a concentration dependent manner (Fig. 3) . Preimmune antiserum has no inhibitory effect on O2 evolution (Fig.  3) . Pea thylakoid vesicle preparations which have been adjusted to 20% glycerol, frozen in liquid N2, and stored at -80°C retain 02 evolution capability, but their topology is apparently altered such that they are no longer susceptible to antibody inhibition (Fig. 3) . Inverted vesicles from Chlamydomonas have not been obtained by the phase partitioning procedures which we have employed, therefore the antibody does not have access to the water oxidation complex and does not inhibit O2 evolution in Chlamydomonas preparations (data not shown).
To demonstrate that the antibody inhibits O2 evolution by binding to the extrinsic water oxidation complex subunit homologous to polypeptide 12, we employed CaCl2 washes of these vesicles as described for PSII particles (16, 24) . This treatment removes the three extrinsic water oxidation polypeptides, as well as several other polypeptides (Fig. 4A) . Upon Ca2' release, the 24 kD polypeptide exhibits anomalous electrophoretic mobility as has been previously reported (22) . Immunostaining of these samples with anti-polypeptide 12 (Fig. 4B, lane 4) demonstrates that the antibody recognizes a prominent 33 kD polypeptide. A polypeptide remaining in the washed vesicles is also detected (Fig. 4B, lane 3) , presumably attributable to a noninverted portion of the vesicle preparation. Previous reports indicate that removal of polypeptides from vesicles by washes with alkaline Tris or with NaCl is less efficient than a similar treatment of developed upon enzymic cleavage of the phosphate group of 5- out the possibility that the polypeptide remaining in the washed vesicle fraction is a comigrating intrinsic polypeptide, we extracted the vesicles with NaOH to fully separate extrinsic from intrinsic polypeptides. Only an extrinsic 33 kD protein in pea thylakoids is recognized by the antibody (Fig. 4, C and D) . PSII Mutants Accumulate Polypeptide 12. In wild-type Chlamydomonas, as in higher plants, the three water oxidation polypeptides are purified with thylakoid membranes (Fig. 5, A and  B, lane 1) . In contrast, thylakoids of the water oxidation mutant, BF25, specifically lack the 16 and 20 kD water oxidation polypeptides, while low amounts of polypeptide 12 are recovered (3) . Purified thylakoid membranes of three other PSII mutants, F34, 8-36c, and GE2. 10, lack all three water oxidation polypeptides (3, 6, 14a) . However, the primary lesion in these mutants affects synthesis and accumulation of chloroplast encoded PSII reaction center polypeptides (14a). We wished to determine at what level the biogenesis of polypeptide 12 is perturbed in these mutants. The results of immunoblot analyses using thylakoid membrane fractions of PSII mutants confirm predicted patterns for polypeptide 12; only mutant BF25 has polypeptide 12 in purified thylakoids (Fig. 5, A and B) . Surprisingly, immunoblots ofwhole cell extracts indicate that each PSII mutant examined contains polypeptide 12 which comigrates with the mature polypeptide from wild-type cells (Fig. 5, A and B) . As expected, polypeptide 12 appears in the NaOH-soluble fraction of mutant and wildtype cells (Fig. 5, A and B) . We conclude that only the thylakoid membrane fraction of PS11 mutants is deficient in polypeptide 12. Although immunoblots are not quantitatively reliable, the data in Figure 5 suggest that the PS11 mutants accumulate substantial amounts of polypeptide 12. To determine iflevels ofpolypeptide 12 in each of the mutants was equivalent to that in wild-type cells, aliquots containing either equal cell number or equal amounts of Chl were analyzed by rocket immunoelectrophoresis (Fig. 6) . accumulates at least wild-type levels of polypeptide 12 on a per cell basis whereas GE2. 10 (Fig. 6, lanes 1-5) . When (Fig. 6, lanes 6-10) (31) showed cross-reactivity of antibodies against polypeptide 12 and a 33 kD thylakoid membrane protein of spinach in accordance with our findings. In addition, Koike and Inoue (15) have demonstrated that the 33 kD polypeptide of spinach water oxidation complexes is homologous to a 34 kD polypeptide from the cyanobacterium Synechococcus vulcanus; we find that the polypeptide recognized in the cyanobacterium Anabaena also is relatively large in comparison to the polypeptides in higher plants. Because antibodies against polypeptide 12 recognize a polypeptide in a cyanobacterium species as well as polypeptides in higher plants and several different algae, it is apparent that at least one antigenic determi- (3, 6, 14a) . However ( 17, 19) .
Polypeptide 12 is known to be nuclear encoded and cytoplasmically synthesized (7) . The homologous polypeptide in spinach is found to be synthesized as a precursor which is approximately 6 kD larger than the mature form; the precursor is processed to its mature mol wt by isolated spinach chloroplasts in conjunction with transport into the chloroplast (32) . Transport of the water oxidation polypeptides also involves movement into the thylakoid lumen, mechanisms for which are as yet unclear. The biogenetic pathway could conceivably include a step in which the polypeptides become intrinsically associated with membranes. NaOH extraction of whole cells demonstrates that polypeptide 12 is not tightly associated with the membrane compartment in any of the PSII mutants which we have examined. Moreover, the accumulation of polypeptide 12 in its mature form in the PSII mutants indicates that correct processing and transport occur in the absence of intrinsic membrane binding sites (PSII reaction centers), or, as in BF25, without subunit interactions within the water oxidation complex.
In chloroplasts, the subunits of incompletely assembled complexes are often rapidly degraded. For example, the small subunit of RUBPCase is degraded in the chloroplast minutes after transport in the absence of synthesis of the large subunit (29) . In contrast, polypeptide 12 is accumulated to at least wild-type levels both in the absence of integral PSII thylakoid membrane polypeptides and in the absence ofthe 20 and 16 kD polypeptides of the water oxidation complex. Other evidence in support of the accumulation of unassembled water oxidation polypeptides has been presented by H0nberg (12) who demonstrated by immunoblotting that the 23 kD polypeptide of water oxidation complexes is present in PSIT deficient mutants of barley.
One possible explanation for the accumulation of polypeptide 12 in PS11 mutants is that it associates with other PS11 subunits and partial assembly protects the subunits from degradation. Other possibilities include the absence of specific proteases in chloroplasts or the thylakoid lumen for degradation of unassembled subunits of the water oxidation complex. Assembly and disassembly of the water oxidation complex as a possible mechanism for regulating 02 evolving activity (5), requires that unassembled subunits are not subject to degradation. Immunocytochemical localization of subunits in PS11 deficient mutants, in addition to cell fractionation procedures, should yield more information pertaining to processing of the precursors and the site in the chloroplast where these polypeptides accumulate.
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